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ABSTRACT

Diffusion coefficients of iron-59 in nickel have been
determined in the temperature range 8l5°C to 1200°C.

The

temperature dependence can be represented by an Arrhenius
type relationship,

The effect of the isotopic mass on the diffusion coefficient
of cobalt in nickel has also been investigated.

The isotope

effect parameter, E, was found to vary from .26 to .84 over
the temperature range 970.5°C to 1200°C.

Both results are

consistent with the single vacancy mechanism of diffusion.
No evidence of divacancy contributions to the mass transport
has been found.

ii

ACKNOWLEDGMENTS

The author wishes to express his sincere appreciation
to Dr. M. Wuttig, his thesis advisor, for many stimulating
discussions during the course of the investigation and the
preparation of the manuscript.
Thanks are also due to Dr. H. P. Leighly, Jr. for his
guidance and cooperation.
The author is indebted to Dr. H. Weart, Chairman of
the Metallurgical Engineering Department, for making available various kinds of financial support throughout

the

author's graduate study.
Finally, the author would like to thank his wife,
Louraine, for her patience and steadfast support which
contributed greatly to the completion of this work.

1.1.1.

TABLE OF CONTENTS
PAGE

. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ACKNOWLEDGEMENTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LIST OF FIGURES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ABSTRACT .•.•.•••.

LIST OF TABLES •.•.•

I.

B.

II.

III.
IV.

v.

1.1.

iv

v

INTRODUCTION.
A.

l.

1

THEORETICAL MODELS FOR SUBSTITUTIONAL
DIFFUSION •...•.••.••.•..•

1

STATEMENT OF THE PROBLEM.

7

EXPERIMENTAL PROCEDURES.

. .. . . . . . . . . . . . . . . .. . . . . .
EQUIPMENT. . . . . . . . . . . . . . . . . .

10

A.

SAMPLE PREPARATION ••

10

B.

VACUUM ANNEALING

11

c.

SECTIONING AND COUNTING •••.

TREATMENT OF DATA AND ERROR ANALYSIS.
RESULTS .•..

. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .

12
16
23

DISCUSSION . . . . • . . . • . • . . • . • . . . . . · . . . . . . . . . . • . • . . .

34

A.

ISOTOPE EFFECT.

. . . . . .. . . . . . . . . . . . . . . . . . . . . . .

34

B.

BULK DIFFUSION .••••....•.•.............•...•

37

VI.

CONCLUSIONS • •••••••••••..•. • · · · · · · · · · · · · · • • · • · · •

42

VII.

REFERENCES .•••••••••••. • . · . • · · · · · • · · • · · · · • • · · · • •

43

VIII.

VITA . . . • • . . . . • . . . • . . • . . · · · · · · · • · · · • · · • · · · • • · · · • ·

46

iv

LIST OF FIGURES

PAGE

FIGURE
1.

VACANCY AND DIVACANCY MECHANISMS OF
DIFFUSION •.•...•••..•..•..••.•••.....••.. ·••.

2

2.

SAMPLE GEOMETRY FOR VACUUM ANNEALING ....•.••.

13

3.

PENETRATION PROFILE FOR IRON-59 DIFFUSING
IN NICKEL AT 1133°C •••...•.••.•••••.•••••••••

25

ARRHENIUS PLOTS FOR DIFFUSION OF IRON-59,
COBALT-60 AND NICKEL-63 IN NICKEL •••....••••.

26

5.

ISOTOPE EFFECT PLOTS AT 1200°C AND 1159.5°C ••

28

6.

ISOTOPE EFFECT PLOTS AT 1065°C AND 970.5°C ••.

29

7.

TEMPERATURE DEPENDENCE OF ISOTOPE EFFECT •••••

33

4.

v

LIST OF TABLES

TABLE

I.
II.

PAGE
DIFFUSIVITIES OF IRON-59 AND COBALT-60 IN
NICKEL SINGLE CRYSTALS ..•••.••••••••.••••..••

24

ISOTOPE EFFECT FOR DIFFUSION OF COBALT IN
NICKEL. . . . • • • . . • . • . . . . . . • • • . • . . • . • . . . . . • • • • • •

30

III.

NULL EFFECT FOR COBALT-58 AND COBALT-60 .•••••

32

IV.

ENTHALPY OF MOTION FOR IRON, COBALT, AND
NICKEL DIFFUSING IN NICKEL ...••••••••••••••••

39

1

I.

A.

INTRODUCTION

THEORETICAL MODELS FOR SUBSTITUTIONAL DIFFUSION

Solid state diffusion in metals is known to occur by
(1)
many different mechanisms.
In the case of self-diffusion
and diffusion of substitutional impurities in metal crystals
the most common transport mechanism is the motion of an atom
from a normal lattice site into an adjacent, vacant site as
shown in Figure 1-a.

This process is known as the vacancy

mechanism of diffusion.

Another possible transport process

for lattice diffusion is the divacancy mechanism shown in
Figure 1-b.

In the divacancy case an atom jumps into one of

the vacant sites from a point which is a nearest neighbor
of the two lattice sites constituting the divacancy.

Which

of these two mechanisms predominates for self-diffusion in
(2,3,4,5)

nickel is still being disputed.
By applying the classical theory of absolute reaction
rates to the problem of atomic motion into a vacancy, Wert
( 6, 7)

and Zener

have developed an expression for the diffusion

coefficient:

D

where f
meter,

=

[ fa~ v exp (

liSf + liSmJ]
(-l;Hf - liHmJ
R
exp
RT

is the correlation factor, a
v is the jump frequency,

0

is the lattice para-

liSf and liSm are formation

and motion entropies and liHf and liHm are formation and motion

[ 1]

2

FIG. lA VACANCY MECHANISM OF DIFFUSION

FIG. I B DIVACANCY MECHANISM OF DIFFUSION

3

enthalpies for the vacancy respectively.

The correlation

factor,

f, did not appear in Wert and Zener's original ex(8)
pression, but was added later by Bardeen and Herring.
The above equation is based on the assumption of an equilibrium activated state.

Although,it is not clear how this

assumption can be justified, whenever the predictions of
the theory have been checked by independent measurements of
(9)

the entropy and enthalpy terms,
cated.

the theory has been vindi-

It can be seen that Equation 1 is equivalent to the

Arrhenius relation,

D

[2]

where the activation energy, Q, is the sum of the enthalpy
terms and the frequency factor, Do, is equivalent to the
term in brackets in Equation 1.
In order to arrive at a more quantitative diffusion
theory, a number of specific models have been proposed.
The
(10)
screened interaction mode l due to Lazarus
is satisfactory
for explaining impurity diffusion in noble metal solvents,
but i t is inapplicable for transition metal solvents.
Size
(11)
(12)
effect models proposed by Swalin
and Overhauser
are
in agreeme nt with e xperime nt f or s ome transition meta l
but not noble metal solvents.

solvents,

While the size effect and

electrostatic screening models concern themselves with the
interpretation of activation enthalpies, they n e glect the
correlation factor, f

(see Equation 1), which can be a
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sensitive indicator of the operative diffusion mechanism.
Correlation effects arise from the fact that atomic
jumps are non-random.

After an atom has jumped into a

vacancy its most probable jump is back to the original
position.

For self-diffusion the correlation factor

depends only on crystal structure, however, for impurity
diffusion, vacancy-impurity binding effects must also be
(13)
considered.
Using a model proposed originally by LeClaire and
(13)
(14)
Lidiard,
Manning
has derived an expression for the
correlation factor, f, for impurity diffusion via the vacancy
mechanism in face-centered cubic metals:

f

where v

=

1
1 +

[3]

Vz + 2.575

V3

is the jump frequency of the solute atom into a
1

vacancy, v

is the jump frequency of each of the 4 solvent
2

atoms which are nearest ne1ghbors
and v

o~

the solute and vacancy,

is the jump frequency ot eacn of tne 7 atoms whicu
3

are

uear~st

neighbors uf the vacancy but not of

~he

sulut~.

Th.s model presumes that the solute and vacancy interact only
at nearest neighbor distances.
Thus far, we have considered the classical expression
for D (Equation 1) based on the single vacancy mechanism.
However, in a real crystal i t is possible for more than one
mechanism to occur simultaneously.

For the case of a compet-

ing vacancy-divacancy model the temperature dependence of D
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can be better expressed as the sum of two terms, the first
term as given in Equation l and a second term which would
give the divacancy contribution to D.

The divacancy term

would be completely ana logous to Equation 1, containing the
factors f, v, 6Sf, 6Sm' 6Hf and 6Hm

characteristic of di-

vacancy diffusion.
Measuring D over a temperature range and observing either
a break or a curvature in the £n D versus 1/T plot provides
evidence of competing mechanisms.

However, for the competing

vacancy-divacancy model of diffusion in face-centered cubic
(2)
metals, curvature of the £n D versus 1/T plot is very small.

A much more sensitive indicator of the predominant mechanism is the correlation factor, f.

While Manning's expres-

sion (Equation 3) for the corre lation factor for a single
vacancy mechanism becomes f = .78 for self-diffusion,
(15)
Schottky
finds that f = .54 for divacancy self-diffusion.
It can be seen that experimentally d e termined values of f

..

would be v a luable in distinguishing betwee n these two me chanisms.
One method of measuring f is the isotope effect technique.
The isotope e ffect in diffusion r e f e rs to the relative rates
of diffusion of di f ferent isotopes of the s a me che mical e lement.

The isotope effect parameter, E, is defined as follows:

1 -

E

=
1 -

DB
DA

~

[4]
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where DA and DB are the diffusivities

(cm 2 jsec) of two iso-

topes of the same eleme nt with atomic masses rnA and mB res(16)
(17)
pectively.
By applying Vineyard's
effective mass
(16)
concept, i t has been shown by Mullen
and also by
(18)
LeClaire
that

E

where f

=

[5]

f6K

is the correlation factor for diffusion and 6K

is

the fraction of the translational kinetic energy possessed
by the diffusing atom in the activated state.

The factor,

6K, is a measure of the coupling of the jumping atom with
its neighbors and corrects for the deviation of the atomic
vibrational frequency from the m- ~ dependence predicted by
(19)
the simple harmonic oscillator model of solids.
In
the limit where the diffusing atom can be considered to be
vibrating independently of its neighbors, the quantities E
and f

are identical.
A recent study of the isotope effect for diffusion of

iron in vanadium indicates that the predominant low temperature mechanism is vacancy motion, while the predominant high
(20)

temperature mechanism is divacancy motion.

The isotope

(21)
effect for self-diffusion in iron has also been determined.

The results show that self-diffusion in body-centered cubic
iron takes place by either vacancies or interstitialcies
while self-diffusion in face-centered cubic iron is via
vacancies.
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B.

STATEMENT OF THE PROBLEM

The competing vacancy-divacancy model of lattice diffusion discussed in Part A has recently been applied to
(2)
self-diffusion in nickel.
Seeger, et al.
have analyzed
(22 to
the nickel self-diffusion data of several investigators
27)

and suggested that there is a slight curvature in the
Arrhenius plot due to divacancy contributions.

This sugges-

tion is in contrast with defect studies for other facecentered cubic metals.

Measurements of equilibrium defect
(28)
(29)
(30)
concentrations for aluminum,
silver,
gold
and
(9)

copper

have shown that single, isolated vacancies are

the predominant thermally generated defects and that selfdiffusion in these metals proceeds via a single vacancy mech(2)

anism.

Seeger 1 s

conclusion that divacancies make a signi-

ficant contribution to diffusion in nickel has also been
(3)

disputed recently by Wuttig and Birnbaum

who state that

the curvature in the Arrhenius plot can be readily accounted
for by dislocation pipe diffusion.
The present study attempts to resolve the controversy
by measurements of the isotope effect for diffusion in
nickel.

Since the isotope effect parameter, E, can be meas-

ured experimentally, the correlation factor can be calculated
directly from Equation 5 provided that a suitable value is
available for the coupling term,

~K.

Thus, by determining

values of f over a suitable temperature range, the presence

8

of competing mechanisms and the identities of those mechanisms
can be detected.
For this study of diffusion in nickel, the radioactive
(31)
tracer method
was chosen.
This method consists of applying a radioactive isotope to the surface of a specimen, allowing the isotope to diffuse at high temperatures and then determining the resulting penetration profile with a radiation
In order to measure the isotope effect

detection system.

parameter, the isotope

pair,cobalt-58:cobalt-6~

was chosen.

This pair has the advantage that the respective gammas from
the two isotopes can be easily detected and separated with a
scintillation counting system, thus allowing the simultaneous
determination of D

58

and D

6 0

In the process of obtaining cobalt isotope effect data,
cobalt bulk diffusion data is also generated.

Although dif-

fusion of cobalt in nickel has been studied previously by
(32)

Hassner and Lange,

they confined their measurements to

temperatures between 1155°C and 1373°C.

The present study

includes measurements of diffusion of cobalt in nickel over
a lower temperature range.
Previous studies of diffusion in nickel have been carried
(33,34,35,36)
out for several different substitutional impurities.
In every case where careful attention was given to the removal
of short circuiting diffusion paths (surfaces and grain boundaries), the resulting Arrhenius plots were linear, which is
consistent with the single vacancy mechanism of diffusion.

9

In one case, the diffusion of iron in nickel, there is a
(37)

slight curvature in the Arrhenius plot.

It has not yet

been established whether this curvature is due to divacancy
contributions or to short circuiting.

In the present study

diffusion of iron-59 in nickel is reinvestigated with careful attention being given to the removal of short circuiting
paths, thus insuring that the measured diffusion coefficients
are indicative of only lattice diffusion.

After taking

these precautions, if a curved Arrhenius plot is still observed, i t would strongly suggest significant divacancy
contributions to diffusion in nickel.
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II.

A.

EXPERIMENTAL PROCEDURES

SAMPLE PREPARATION

The single crystal specimens used in this study were
spark cut from nickel single crystals having a nominal purity
of greater than 99.995% with random orientations*.

Begin-

ning with a 3/8" diameter crystal, 1/4 inch slices were
spark cut perpendicular to the axis of the crystal.

After

spark cutting, one face of each specimen was alternately
polished with progressively finer grades of emery paper and
a chemical polish until a flat surface with a mirror finish
was achieved.

After each abrasive polish, the chemical

polish was applied in order to remove cold-worked material.
The chemical polishing step consisted of immersing the specimen for 30 seconds in a hot (80°C) acid solution made up of
( 38)
40% HCl, 30% HN0 3 , 20% CH 3COOH and 10% H3P0 4 •
After polishing, the specimens were pre-annealed for 4
hours at 1350°C (approximately 100°C below the melting point
of nickel)

in a vacuum of greater than 10

-5

torr.

The pur-

pose of the pre-anneal was to insure that the polished crystals were strain-free.

A few of the specimens recrystallized

* Lattice diffusion in face-centered cubic metals is isotropic,
therefore, i t was not necessary to be concerned with the crystallographic orientation of the specimens.
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during the pre-anneal.

These were discarded so that only

strain-free single crystals were used as sp e cimens for bulk
diffusion me asurements.

Preannealing at temperatures above

1350°C would not produce suitable specimens since i t caused
rounded edgesth e r e byrendering the specimens useless for
diffusion runs.
Radioactive tracers were applied to the pre-annealed
specimens in two different ways.

In the early stages of
(16)
the investigation an electroplating technique
was used.

Later, i t was determined that direct application and drying
of the tracer solution on the specimen was also suitable.
Equivalence of the two different techniques was also noticed
(20)

by Coleman.

B.

VACUUM ANNEALING EQUIPMENT

A vacuum annealing apparatus was constructed consisting
of a

4" stainless steel diffusion pumped vacuum system and

a platinum wound Marshall furnace driven by a Leeds and
Northrup set point temperature controller.

Samples to be

annealed were placed in a 7/8" O.D. mullite furnace tube
which was a-ring sealed into the vacuum system.

A constant

temperature oil bath served as a reference junction for both
measuring and control thermocouples.

The temperature gradient

in the furnace was adjusted by rheostats such that a 1" hot
zone in the center of the furnace had a temperature variation of less than l°C.
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Samples to be annealed were placed in an alumina crucible
as shown in Figure 2.

After evacuating the mullite tube con-

taining a sample, the furnace, which was mounted on roller
bearings, was rolled over the tube.

After allowing the sys-

tern to return to temperature equilibrium and to pump down to
at least 10- 5 torr, the sample was pushed into the center of
the hot zone with a molybdenum thermocouple tube.

As shown

in Figure 2, the thermocouple bead was within l/8" of the
sample.

On the basis of the proximity of the sample and

thermocouple bead, and the fact that they were placed inside
identical containers, i t is assumed that the heating and cooling rates of the thermocouple bead were the same as the heating and cooling rates of the samples.

The importance of heat-

ing and cooling rates and their effect on diffusion measurements is discussed in another part of this manuscript.

C.

SECTIONING AND COUNTING

After the diffusion anneals were completed, each specimen was mounted on a lathe and filed to remove surface diffusion effects.
reduced by 10/Dt.

The diameter of the specimens was normally
Sectioning of the diffusion specimens con-

sisted of hand grinding with 0 grit emery paper.

Grinding

papers were cut into 2-l/2 inch squares which were then inscribed with concentric circles having diameters of 1 inch
and l-l/4 inch.

A specimen would

be rubbed back and forth

across the paper within the inner circle in such a way as to

FIG.2 SAMPLE GEOMETRY FOR VACUUM ANNEALING

......

w
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distribute the radioactive grindings uniformly within the
inner circle.

The specimen would also be rotated periodi-

cally in order to maintain uniform rates of removal for all
orientations of the specimen so that parallel sections would
result.

After each grinding operation the grindings remain-

ing on the nickel sample were rinsed onto the abrasive paper
with methyl alcohol.

Counting samples werethen prepared by

cutting around the outer circle and taping the resulting paper
disc to the center of a 2 x 1/8" plexiglas disc.

The nickel

specimen would then be thoroughly cleaned with methyl alcohol
and weighed on a Sartorius model 1801 micro balance.
After the entire sectioning operation was completed,
autoradiographs were prepared having exposure times of at
least 10 hours.

They were inspected visually to insure that

no surface diffusion or grain-boundary diffusion had occurred.
The activity of the sections was measured using a Hamner
scintillation counting system.

The system consisted of a

Nai scintillation crystal with photomultiplier tube and preamplifier attached, a linear amplifier, and pulse height
analyzers and scalers.

In the case of the iron-59 isotope,

which emits 1.1 and 1.3 MeV gamma rays, the pulse height
analyzer window was set to detect radiation between .9 and
1.5 MeV.
In the case of the cobalt isotopes, signals from the
amplifier were fed simultaneously into two pulse height
analyzers, one of which was set between .7 and .9 MeV in
order to detect the .8 MeV cobalt-58 gamma, and the other
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between 1.0 and 1.4 MeV in order to detect the 1.1 and 1.3
MeV gammas emitted by cobalt-60.

Cobalt-60 radiation was

found to produce counts in the lower energy cobalt-58 channel.
Pure cobalt-60 standards were run to determine the amount of
this correction and the cobalt-58 counting rates were adjusted accordingly.
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III.

TREATMENT OF DATA AND ERROR ANALYSIS

The solution of Fick's second law which corr e sponds to
the spe cime n geometry of this study is the thin film s olution
given below:

C( x ,t)

Co

hrDt

~~tJl

exp (-

[ 6]

where C(x,t) =concentration of a diffusing species as a
function of penetration distance, x, and
annealing time, t,

(g/cm 2

)

D = diffusion coefficient (cm 2 /sec)
C0

= initial surface concentration (g/cm 2

)

In the case of radioactive tracer diffusion, activi ty is
proportional to conce ntration so that an a n a logous activity
equation results.

A( x ,t)

=

Ao

~~t)

exp(-

/n Dt

where A(x,t) = activity as a function of distance and
time (coun~~/minJ
A0

= initial surface activity ( coun ~~/min)

Diffusion coefficients are determined by measuring
acti vity as a function of p e n e tration distance into th e
specimen.

Whe n t n A is plotte d v e rsus x

r e sults wi th s lope equ a l

to

- ~D t .

2

a straight line

S ince t h e s lope and

annealing time are known, D is easily calculated.

[ 7]
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The measured activities

(in counts per minute)

for

(39)
iron-59 sections were corrected for background and decay.
The measured sample weights before and after each section
were then used to convert the activities of the sections to
specific activities.

Weight readings also were used for the
All of these

calculation of penetration distances.

calcula-

tions were incorporated into a computer program which gave
the least squares value for the slope of the £ n A versus x 2
plots and the 95% confidence intervals for the slopes based
(40)
on bivariate normal regression analysis.
Cobalt-58 and cobalt-60 data were treated similarly,
however, in addition to the calculations mentioned above,
i t was also necessary to correct for the fraction of
cobalt-60 counts occurring in the cobalt-58 channel.

The

corrected isotope effect data was then treated as follows:

Since

5 8

Asa(x,t)

= Ao

exp(-

hrD sat

l

4D~:t)

and
AGo(x,t)

=

In

6

o

the relative concentration as a function of penetration
distance is

[ 8]
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A~ a

£n --Aso

D

=

constant +

(1 - ~)
Dse

[10]

4D 6 0 t

It can be seen from Equation 10 that plotting £n
Asa/AGo versus
D

(1- 0::)

x2

results in a straight line of slope

40 6 o t

This data was also analyzed using the least
(40)

squares r egr es sion method.
The values of D for both iron and cobalt measured at
various temperatures were fit to the Arrhenius relation
(Equation 2) by calculating the l ea st squares slope s of
£ n D v e rsus 1/T plots thus obtaining activation energies.
For samples which had short annealing times(less than
10 hours)

i t was necessary to correct for heating and cool-

ing time s.

This correc tion was made by adopting the me thod

( 41)

Since D

of Lai.

=

D

0

exp (-2-)
RT

I

the variation of

diffusion coefficient with time can be written D(t) =
D0

exp

(- RT ~t)) wher e T(t) is tempe rature as a f unction
Q
)
The quantity e xp ( - RT
( t)

of time .

is nume r i c a lly inte-

grated with r e spect to time using an estimated activation
e n e rgy.
where TA

This inte gral is then divide d by exp [ve

Q

J

RTAve
Thi s gives
is the average annealing t e mpe ra ture.

the effective annealing time.

These calculations can be

reiterated using corrected values of Q, howe ver, it usua l ly
is s u ffic i e ntly ac cur ate after only one or two cyc l es .

For

the c obalt-6 0 data no rei t eration was n ecessary s ince the
initial estimate for Q was very close to the measured value.

19

For the iron-59 data the calculation was reiterated only
once and the resulting corrections for D were of the order
of .1%.
The most significant sources of error in the determination of diffusion coefficients are the uncertainties in
temperature, penetration distance, and annealing time.
The effect of temperature can be calculated as follows:

Since

6D
D

Typically, temperature readings with platinum, platinum-10%
rhodium thermocouples are only accurate to ±l°C.
a typical annealing temperature, the relative error in D for
iron and cobalt diffusing in nickel becomes

2%

Uncertainties in the penetration distance are a result
of surface roughness due to the grinding and of the limited
accuracy of the weight readings.

The weight of material

removed from a diffusion specimen during each grinding operation was about one milligram.

Since the weight readings on

the microbalance were accurate to ±10 micrograms, weighing

--
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errors of 1% were typical.

However, this error enters into

the penetration profile in a random way; it is not systematic.
It is wrong to conclude that a 1% error in x, the penetration
distance, would lead to a 2% error in x 2 and therefore, a 2%
Rather, the error in x shows up as scatter on

error in D.

the penetration profile.

This error, the small errors in

counting rate and the grinding errors, are all included in
the calculation of a confidence interval for the slope of
the penetration profile.

The 95% confidence intervals for

the slopes were normally 2% to 3%.
Another source of error which must be considered is
the uncertainty in annealing time.

A diffusion run yields

a value for the integrated Dt product.

Any errors present

in the determination of t cause corresponding errors in D.
Long-time anneals (more than 10 hours) did not require heating and cooling corrections. For short annealing times the
(41)
correction method of Lai,
which was discussed earlier,
produced annealing times accurate to 1%.

Therefore the in-

accuracy of D caused by uncertainty in t is less than or
equal to ±1%.
One factor not taken into account in the above analysis
is the possible error resulting from the hand grinding technique.

Uneven pressure exerted on a specimen causes uneven

grinding.

This was eliminated by periodically rotating the

specimen during the grinding operation.

In order to check

on the validity of this technique, a dummy specimen was
ground in the same way as a diffusion specimen and dial
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gauge readings were taken at several locations on the specimen after each grinding operation.

The dial gauge used was

a high-precision Starrett Model No.

25-109 gauge accurate to

±.00005".

Measurements made on the dummy specimen through

the entire sectioning process showed no evidence of nonparallel slices within the accuracy of the gauge.

Further

evidence for the validity of the hand grinding technique is
the fact that the penetration profiles are linear.

If signi-

ficant errors in slice orientation were accumulating during
the grinding procedure,
the plot.

this would appear as curvature in

Finally, i t can be stated that the errorin D

from all causes is typically ±5%.
The possible sources of error 1n the isotope effect
parameter, E, which must be considered, are instability of
the scintillation counting system, statistical uncertainties
due to a

finite number of counts, uncertainties in background

corrections, short circuiting mechanisms of diffusion,

such

as dislocation pipe diffusion, and non-uniform counting
geometry.
The effect of background error was determined by recalculating E using the upper and lower limiting values of the
background count rate.

No changes in the initial value of

E were observed, which means that errors in E due to the
background uncertainties are negligible.
The uniformity of the counting geometry was checked by
taking a counting sample and deliberately misaligning i t relative to the normal position under the radiation detector.
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Various x, y and z misalignments were used, all of which
were more severe than the usual variation in repositioning
a sample.

It was found that the As 8 /A 60 ratio was repro-

ducible for various misalignments, therefore, the effect
of non-uniform counting geometry is negligible.
Errors due to instability of the scintillation counting
system and the statistical uncertainty due to a finite number
of counts both show up as scatter in a plot of activity ratio
versus the square of the penetration distance.

Since a mini-

mum of 100,000 counts was normally taken from each channel
for a single counting sample, the statistical error in the
ratio is of the order of 1%.

Larger errors were found in

the stability of the counts.

The As 8 /A 60 ratio would some-

times change by as much as 5% for no apparent reason.

This

effect is believed to be due to fluctuation in the amplification of the pulses, thus moving the counting peaks with respect to the pulse height analyzer windows.

Some of the sec-

tions were recounted many times in order to obtain a reading
which had been preceded and followed by constan t

readings

for a standard sample.

Based on the bivariate normal regres(40)
sion analysis of the data,
the standard error in E is as
much as .5 in one case and is approximately .2 for the other
determinations.
The error in E due to dislocation pipe diffusion is not
definitely known although i t is believed to be n e gligible
after taking into account c e rtain corrections.

This effect

is discuss ed in more detail in another part of this man u s cr i pt.
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IV.

RESULTS

Diffusivities of iron in nickel were measured between
Similar measurements for diffusion of
cobalt in nickel were made between 970.5°C and l200°C.
All of the diffusion runs are summarized in Table I.
typical penetration profile is shown in Figure 3.

A

It should

be noted that the first point in the profile does not lie
on the line defined by the other points.
behavior is due to surface effects.

This non-linear

In order to prevent the

non-linearity from causing errors in the diffusivities, surface points were excluded from the least squares analyses of
the slopes.
Figure 4 gives the diffusivities for iron-59 and cobalt60 in nickel in the form of Arrhenius plots.

Also shown is

(26)
the line for self-diffusion in nickel determined by Hoffman.
The results for iron are represented by

D

=

(,-62500 ± 500~
.48 exp l
RT
~

[ll]

while the cobalt data gives

D

=

1-63300 ± 3800~
.43 exp {
RT
)

[12]

(26)
Hoffman's

line is defined by

D

=

(
66800~
1.27 exp ~RT J

[13]

TABLE I.
DIFFUSIVITIES OF IRON-59 AND COBALT-60 IN NICKEL SINGLE CRYSTALS
ISOTOPES

DEPOSITION
METHOD

ANNEALING
TEMPERATURE
( oc)

ANNEALING
TIME
(sec)

DIFFUSIVITY
(cm 2 /sec)

I

I

I

Iron-59

Drying

1198.5

3.19

X

10 3

2.58 ± .08

X

10-lO

Iron-59

Plating

1133

4.91

X

10 3

9.11 ± .41

X

10- 11

Iron-59

Plating

1063

1.20

X

10 4

2.88

±

.17

X

10- 11

Iron-59

Plating

990

4.90

X

10 4

7.74

±

.46

X

10- 12

Iron-59

Plating

916

2.17

X

10 5

1.54

±

.08

X

10- 12

Iron-59

Drying

868

3.84

X

10 5

5.25 ± .25

X

10- 13

Iron-59

Drying

815

1.58

X

10 6

1.84 ± .09

X

10- 13

Cobalt-60

Drying

1200

3.92

X

10 3

1.9o ± .10 x lo- 10

Cobalt-60

Drying

1159.5

4.84

X

10 3

9.01 ± .63 x lo- 11

Cobalt-60

Drying

1065

1.09

X

10 4

1.86 ± .15

X

10- 11

Cobalt-60

Drying

8.94

X

10 4

3.41

X

10- 12

I

970.5

±

.19

---
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FIG. 3 PENETRATION PROFlLE FOR IRON-59
DIFFUSING IN NICKEL AT II33°C
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ERROR LIMIT FOR ALL POINTS
APPROXIMATELY ±5%
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FIG.4 ARRHENIUS PLOTS FOR DIFFUSION OF
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The error limits for the activation energies were determined
(40)
from the standard er~ors for the slopes of the plots.
It can be seen in Figure 4 that the lowest temperature
data point for iron-59 is above the line defined by the
other points.

An autoradiograph of the specimen indicated

no enhancement due to surface or grain boundary shortcircuiting; however, the higher diffusivity can be attributed
(42)
to dislocation pipe diffusion.
This point was excluded
from the least squares calculation of the activation energy.
Cobalt isotope effect plots are presented in Figures 5
and 6 and the results are summarized in Table II.

The

isotope effect parameter, E, was determined from the slopes
of the plots.

Before plotting, the activity ratio was

normalized to unity at x that the A

/A

0.

It can be seen in each plot

decreases sharply at low activities.
(21, 43, 44)
A similar effect was noticed by Peterson, et al.
58

ratio

60

who attributed the deviation to diffusion along dislocations
and sub-boundaries.

However, a much greater deviation was

observed in this investigation than in the previous studies.
The previous investigators deleted the last few points from
the least squares analysis.
in this study.

The same approach has been taken

Points to be deleted due to pipe diffusion

are indicated in Figures 5 and 6.

Prior to sectioning the

ll59°C sample, i t was observed that a mosaic substructure
was present.

This particular sample was also the one where

the activity ratio fell off most sharply, thus adding cre(21,43,44)
dence to Peterson's observations.
It can be seen
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TABLE II.
ISOTOPE EFFECT FOR DIFFUSION OF COBALT IN NICKEL
TEMPERATURE
(OC)

D6o

1- DGo/Dss

E

(cm 2 /sec)

I
I

1200

1.90

X

10- 10

.0142 ± .0030

.84 ± .18

1159.5

9.01

X

10- 11

.0084 ± .0095

.50 ± .55

1065

1.86 x lo- 11

.0092 ± .0032

.55 ± .19

3.41 x lo- 12

.0040 ± .0032

.26 ± .19

I
I

970.5

'

i

-~-J

w
0
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in Figures 5 and 6 that a number of points which were ineluded in the calculation of the slopes have standard errors
falling outside the least squares lines.

This is a result

of instability in the counting system.
In order to determine whether the observed decrease in
the A

58

/A

ratio was due to phenomena in the sample or in

6 0

the scintillation counting system, a null effect experiment was
performed.

Samples were prepared by drying portions of the

mixed cobalt isotope solution onto

counting planchets.

The

counting rates of the samples were made to correspond closely
to the counting rates observed in a typical diffusion speciThe results of the null effect experiment are shown in

ment.

The error limits are two times the standard devia-

Table III.
tion

(±2a)

as calculated from the total number of counts taken
The fact that the last reading for planchet

in each channel.

#3 is outside the error limits of the other readings is further
evidence that the counting channels were not always stable.
One cannot conclude from the data that there is any change in
the A

/A
58

ratio with counting rate.

Therefore, the observed

6 0

decrease in the ratio for a diffusion specimen is due to
some process occurring in the specimen itself and is not a
result of a characteristic of the counting system.
The temperature dependence of the isotope effect is
shown in Figure 7.

The error bars represent the standard

errors as determined from the slopes of the in A 58 /A 6
versus x 2/4D

t

plots.

0

Also shown is a theoretical curve for

60

the temperature dependence of E which comes from an expression
(16)
developed by Mullen.

TABLE III.
NULL EFFECT FOR COBALT-58 AND COBALT-60
PLANCHET

#

1

COUNTING RATE IN
COBALT-58 CHANNEL
(as a) (COUNTS/MIN)*
17040 ± 100

COUNTING RATE IN
COBALT-60 CHANNEL
(aGo) (COUNTS/MIN)*

I

ass/aGo

12360 ±

70

1.38 ± .02

2

8260 ±

50

6100 ±

60

1.35 ± .02

3

389 ±

5

275 ±

4

1.41 ± .03

1

17280 ±

80

12520 ±

60

1.38 ± .01

2

8540 ±

40

6080 ±

40

1.40 ± .02

3

404 ±

5

265 ±

4

1.52 ± .03

I

w
tv

33

I

1.5

I

I

I

I

-

1.0

I

TEMPERATURE DEPENDENCE BASED
ON 3 FREQUENCY THEORY ( I 6 )

-

-

f-

E

.5

c-·-r--Lt----_j-=
~

-

~

0

~

-

.

-

-.5

.65

I

I

.70

I

I

.75

I

I

.80

IOYTC°K)

FIG. 7 TEMPERATURE DEPENDENCE OF ISOfOPE EFFECT

34

V.

A.

DISCUSSION

ISOTOPE EFFECT

In order to detect

a change in the predominant diffusion

mechanism in nickel by means of a radioactive tracer experiment, either a curved Arrhenius plot or a temperature dependent
isotope effect would have to be observed.
The Arrhenius plots in Figure 4 for iron-59 and cobalt-60
diffusing in nickel are linear within experimental error with
the exception of the lowest temperature iron-59 point (815°C),
where the higher diffusivity can be accounted for by disloca(42)
tion pipe diffusion.
This linear behavior is typical of
a single diffusion mechanism operating over the entire temperature range.
The isotope effect, however, appears to have a rather
large temperature dependence.

E increases from .24 to .84

over the temperature range 970.5°C to 1200°C.

In order to

interpret this effect i t is necessary to relate the correlation factor to the measured values of E.

The correlation

factor, f, follows directly from Equation 5.

In the limit-

ing case where there is no relaxation of solvent atoms into
the vacancy, the kinetic energy of the diffusion jump
belongs

entirely to the diffusing atom, i.e.,

6 K =1.

It

the n follows that the isotope e f fe ct is e qual to the corre lation factor.

In isotope effect studies for self-diffusion,

where calculated values of f are well established, measurement

3S

of E provides a direct determination of 6K.
A recent study
(43)
for self-diffusion in zinc
has shown that it is indeed
the case that 6K is very close to unity.

For the remuinder

of this discussion of tl1e isotope effect for cobalt diffusing
in nickel i t will be asssumed that 6K

=

1 so that the isotope

effect and correlation factor are identical.
The sharp increase in E with temperature appears to be
inconsistent with the competing vacancy-divacancy model.
If the vacancy mechanism predominates at lower temperatures
and divacancies contribute significantly at higher ternpera(2)
tures as Seeger
believes, the isotope effect would decrease,
not increase with temperature due to the lower correlation
factor for divacancy diffusion.

Therefore, our results seem

to rule out the divacancy mechanism in nickel up to 1200°C.
An interpretation of the observed increase in E with
(16)
temperature can be made by using the method of Mullen.
(13,14)
On the basis of the three-frequency model,
Mullen has
shown that the correlation factor for vacancy diffusion has
a slight temperature dependence due to the difference in
binding energies between the impurity and the solvent.
Mullen's expression is

1

fi

dfi
l

d(RT)

1 -fi fi

[ Qi -Qs +

[14]
1 + 2.575
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where fi is the impurity correlation factor, Qi and Qs are
impurity and solvent activation energies, respectively, v 2
is the jump frequency for each of the 4 atoms which are nearest neighbors of both the solute and the vacancy, v 3 is the
jump frequency for each of the 7 atoms which are nearest
neighbors of the vacancy but not the solute, E 32 is the
energy difference between v 2 exchanges and v 3 exchanges.
By rearranging terms and integrating, Mullen's expression
becomes

( Qi -Qs +
£n [1 - fi]

1 + 2.575

[15]

RT

Since nickel is a transition metal, a satisfactory model
is not available for theoretical calculations of jump frequencies.

Simplifying assumptions are necessary to apply Mullen's

expression.

In general E 32 is different from zero.

However,

since cobalt and nickel have nearly the same atomic radius
and they are similar 1n electronic structure, it is not unreasonable to assume that E 32 = 0 for the present case.

The

expression for the temperature dependence of the correlation
factor then becomes

£n

[1 -

fi 1

cc

-[Qi- Qs]
RT

which, for cobalt diffusing in nickel is

[16]

37

~n

[1 _ fi]

~

3500 cal/mole

[17]

RT

This relation was fit to the experimental data for E by using
a least squares method with predetermined slope.
tical curve shown in Figure 7 was obtained.

The theore-

Although two of

the points do not fall on the line within the standard errors,
if the 2cr limits are taken, the agreement becomes apparent.
(16)
Since Mullen's model
provides good agreement with
the experimental results, it is concluded that the most
likely diffusion mechanism for nickel up to l200°C is the
single vacancy mechanism.

Although the divacancy mechanism

cannot be entirely eliminated because of the large experimental errors in E, i t is considered to be unlikely because
of the observed increase in E with temperature.

B.

BULK DIFFUSION

The activation energy for iron diffusing in nickel obtained in this study, 62500 ± 500 cal/mole, compares favor(37)
ably with the values of 61000 cal/mole
and 60400 cal/
<45 ) obtained previously.
As less scatter is obs e rved
mo 1 e
in the Arrhenius plot for the present study, the value of
62500 ± 500 cal/mole is considered to be the most reliable.
For cobalt diffusing in nick e l an activation e nergy of
63300 ± 3800 cal/mole was d e t e rmine d.

The sta ndard er ror in

the activation energy, 3800 cal/mole, is higher than that
for diffusion of iron in nickel due to the smaller temperature
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range for the cobalt measurements.

Hassner and Lange's

(32)

value for the activation energy for cobalt in nickel, 64900
± 2000 cal/mole is believed to be more accurate than the

present value and it will be used for the remainder of this
discussion.
Assuming that diffusion of iron and cobalt in nickel
occurs via a single vacancy me chanism, the results can be
analyzed by using Equation 1.

The activation energy,

Q

is

the sum of the formation enthalpy, 6Hf, and the enthalpy of
( 9)

motion, 6Hm.

Simmons and Baluffi

have shown that 6Hf

0.55 Q for face-centered cubic metals.

=

This me ans that in

the case of nickel, where Q for self-diffusion is 66800 cal/
(26)
mole
6Hf = 36700 cal/mole and 6Hm = 30100 cal/mole.
For substitutional impurities diffusing in nickel at
very low concentrations (as in a tracer diffusion study)
(46)
the vacancy formation enthalpy is unchanged.
Therefore,
the difference between Q for self-diffusion and Q for impurity diffusion ma nifests its e lf pure ly as a change in the
enthalpy for vacancy motion.
Using the activation energy for iron diffusing in nickel
measured in this study and the value for cobalt in nickel
(32)
of Hassner and Lange
the motion enthalpies were calculated.
Thes e enthalpies and the motion e nth a lpies for s e lf-diffusion
in nicke l

ca l cula t e d a bove are compa red with t h e Golds chmidt
(47)
It c a n b e seen tha t the
atomic di a me t e rs
in Ta ble I V.
larger the atom the smaller the activation enthalpy.
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TABLE IV

EUTHALPY OF MOTION FOR IRON, COBALT
AND NICKEL DIFFUSING IN NICKEL

Fe

Co

Ni

25,800

28,200

30,100

2.52

2.507

2.487

tl.H

rn
(cal/rnole)

0

r (A)

<10

As pointed out.in the introduction, theoretical models
.
.
(10)
for act1vat1on
energies have considered valence effects
(11)
and size effects.
The size effect model assumes that

atoms are compressible spheres.

This means that impurity

atoms which are larger than the atoms of the host lattice
require more energy for movement into a vacancy, i.e., greater L'IH •
m

Applying the size effect model to diffusion in

nickel, the relatively large iron atoms would be expected to
have the largest L'IHm , cobalt an intermediate value, and nickel,
the smallest .6H • It can be seen in Table IV that this prem
diction is opposite to the observations in the present study.
It must be concluded that for the diffusion of iron group
metals in nickel valence effects predominate in determining
activation energies and size effects are negligible.

Unfor-

tunately, no theoretical model is available which predicts
6H

for transition metals by taking into account valence
m
(10)
effects.
The screening theory,
which considers the diffusion process as the motion of positive ions in a negatively
charged "sea" of electrons, has been successful in predicting
activation energies for the monavalent solvents, silver,
copper, and gold.

However, for transition metals, the

valence in the metallic state is not definitely known.

There

is evidence that transition metals may not have an integral
number of free electrons per atom but rather a fractional
( 4 8)

valence.

This absence of definite knowledge of the

valence and of the interatomic potentials precludes the
theoretical calculation of .6H .
m

Although i t has been

41

definitely established in this study that valence effects
predominate in determining 6H

in nickel it is impossible
m
at this time to make a more definitive statement as to the

nature of the interactions b e tween the diffusing atom and
the atoms of the nickel lattice.
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VI.

CONCLUSIONS

The predominant diffusion mechanism in nickel up to
l200°C is most likely the single vacancy mechanism.

Al-

though the divacancy mechanism cannot be entirely ruled
out, i t is considered to be unlikely because of the observed temperature dependence of the isotope effect.
For diffusion of iron and cobalt in nickel valence
effects predominate in determining the activation enthalpies.
Size effects are negligible.
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